ABSTRACT: The aim of the present study was to test the hypothesis that the invasive red king crab Paralithodes camtschaticus may hamper capelin (Mallotus villosus) recruitment through egg consumption. Field studies (2005, 2006), laboratory experiments (2011), and models of consumption were applied. To explore the response of the predator to prey density, crab abundance and capelin egg density were estimated in stratified study areas. Stomach evacuation rates of capelin eggs in red king crab stomachs were investigated experimentally, and the average evacuation time estimated to be 5.38 h at 2.9°C. The average evacuation time was applied to a consumption model where uncertainty in input values was assessed by Monte Carlo simulation. Estimated egg consumption values were 0.04% and 2.23% of the total number of eggs in studied spawning areas, in 2005 and 2006, respectively. The high variability in quantity of eggs in stomachs generated most of the uncertainty in consumption estimates. Red king crabs did not show an aggregative response to capelin egg density, nor was the magnitude of egg consumption correlated with egg density. Dead post-spawn capelin was a major and more important prey than eggs for red king crab. Our findings imply that semelparity in Barents Sea capelin may lead to predator swamping, thereby reducing capelin egg consumption by the invasive red king crab.
INTRODUCTION
Mortality rates in marine fish eggs are generally high (Dahlberg 1979 , Bailey & Houde 1989 , Leggett & DeBlois 1994 , and predation is probably the biggest single cause of mortality in young stages of fishes (Houde 2002) . Predation mortality is therefore generally important in regulating marine fish recruitment (Bailey & Houde 1989) , and recruitment failures have been the main cause of the stock collapses experienced by Barents Sea capelin (Gjøsaeter et al. 2009 ). Demersal spawners deposit their eggs on the sea floor, and if no egg-guarding behaviour is provided, the eggs are exposed to predation by benthic feeders. The eggs of demersal spawners, such as the capelin Mallotus villosus, often occur in dense aggregations and sometimes attract high densities of fishes and other predatory animals (Frank & Leggett 1984 , Bunn et al. 2000 and have been observed to experience high mortality (Dragesund & Nakken 1973 , Nakashima & Wheeler 2002 , Nilsson 2006 .
Predators are classified as generalists in their feeding behaviour if they eat a variety of prey and target the most abundant prey species (Bax 1998) . However, alternative prey may relax predation on other prey (Godiksen et al. 2006 , Hallfredsson & Pedersen 2007 in generalist feeding predators (Tschanz et al. 2007) , which may also be swamped if very high abundance of prey saturates the predators (Ims 1990 , Holt & Lawton 1994 . Nevertheless, a generalist may feed solely on one specific prey if it occurs in high densities, as shown by the amphipod Calliopius laevius culus, commonly classified as a feeding generalist (DeBlois & Leggett 1993b) . The amphipod fed almost exclusively on eggs from beach spawning capelin in Newfoundland, resulting in a predation mortality ranging from 5 to 30% of the total egg deposition (DeBlois & Leggett 1993a) .
The capelin is a short-lived semelparous species (Christiansen et al. 2008 ) with a circumpolar distribution. Capelin from the northeast Atlantic are typically demersal spawners, while capelin from the northwest Atlantic are primarily beach spawners (Carscadden & Vilhjalmsson 2002) . The Barents Sea capelin is a commercially exploited fish, and the largest capelin stock in the world, with yearly landings ranging from 66 000 to 1 123 000 t over the past 25 yr (ICES 2014) , excluding years when fisheries were closed due to low spawning-stock biomass. Capelin is also an important forage fish for several predators (Gjøsaeter & Bogstad 1998 , Bogstad & Gjø -saeter 2001 , Dolgov 2002 .
The Barents Sea capelin spawns off the coast of northern Norway and northwest Russia at depths commonly < 75 m, and bottom temperatures during the time of egg incubation range from 1.5− 6.5°C (Saetre & Gjøsaeter 1975 , Fridgeirsson 1976 . During spawning activity, capelin actively mix their eggs with bottom substrate, to which eggs also ad here (Fridgeirsson 1976) . The preferred spawning substrate is pebbles or gravel with a grain size of 5− 15 mm (Saetre & Gjøsaeter 1975) , which prevents dispersal of the eggs by sea currents (Templeman 1948) . Barents Sea capelin die after spawning (Gjøsaeter 1998) , and the absolute semelparity of this capelin stock has been documented in the field, where large quantities of dead capelin were found on the sea floor close to spawning sites in the middle of the spawning season (Bakke & Bjørke 1973 , Saetre & Gjø saeter 1975 , and by laboratory experiments (Christiansen et al. 2008) . This spawning strategy (in its lack of eggguarding behaviour) leaves the eggs vulner able to benthic feeders, and as a result, egg mortality due to predation is expected to be high in all capelin stocks (Saetre & Gjøsaeter 1975 , Frank & Leggett 1981 , DeBlois & Leggett 1993a . Predators may aggregate at spaw ning sites, because of both high egg density and the presence of dead or dying post-spawned capelin.
Some identified capelin egg predators include: the amphipod C. laeviusculus (DeBlois & Leggett 1991) , green sea urchin Strongylocentrotus droebachiensis (Crook & Davoren 2016) , capelin (Templeman 1948 , Slotte et al. 2006 , haddock Melanogrammus aeglefinus (Saetre & Gjøsaeter 1975 , Dolgov 2002 , Bogetveit et al. 2008 , winter flounder Pseudopleuronectes ame ricanus (Frank & Leggett 1984) , and the diving ducks Somateria mollissima, S. spectabilis and Clangula hyemalis (Saetre & Gjøsaeter 1975) . A new potential egg predator, the invasive red king crab Paralithodes camtschaticus, entered the spawning sites of Barents Sea capelin in the 1990s (Britayev et al. 2010) , and has been documented to feed on capelin eggs (Anisimova et al. 2005) .
The red king crab was introduced to the Kola fjord, Russia, by Russian scientists over the period 1960− 1969 , with the aim of establishing a commercial stock (Orlov & Ivanov 1978) . By 1994, the crab had dispersed into Norwegian waters (Britayev et al. 2010) , where it is still expanding its distribution area along the coast of northern Norway (Windsland et al. 2014) . Mature red king crabs migrate to shallow waters in the spring to moult and mate (Sundet & Hjelseth 2010) , and their distribution area from February to April overlaps with spawning sites of capelin along the coast of northern Norway and the Kola Peninsula, Russia.
Commonly, the red king crab is described as a generalist feeding decapod (Britayev et al. 2010) . It displays a number of different feeding strategies, such as grasping and tearing apart of larger prey, scooping up sediment by the lesser chela and sieving it through the third maxillipeds, or crushing scallops and picking out only the flesh (Jørgensen 2005) . The heavy mastication of food items in crustaceans makes the identification of prey during stomach content analysis difficult, and soft tissue may be underestimated in field studies (Sarda & Valladares 1990) . This can introduce bias towards calcified and prey items which are slowly digested, as these are more frequently identified in crab stomachs. The most frequent prey groups identified in the red king crab in Norwegian waters are bivalves, polychaetes, algae, gastropods, echinoderms and some fish (Sundet et al. 2000 , Haugan 2004 ).
Attempts to study and quantify the ecological effects of the red king crab on fish species in the Barents Sea have been scarce. Anisimova et al. (2005) provided a rough estimate of capelin egg consumption by the red king crab. They found that the egg consumption during the spawning season in 2001 amounted to 37 of the 130 000 tons of eggs available in the Russian part of the Barents Sea. In another study carried out in 2003, the estimated consumption of lumpsucker Cyclopterus lumpus eggs by the red king crab corresponded to about one-third of the commercial catches of the same roe in tons and was considered to influence lumpsucker recruitment (Mikkelsen & Pedersen 2012) . Hypothetically, the presence of the red king crab may affect capelin recruitment, and these crabs may also compete with native species such as cod Gadus morhua and haddock feeding on dead post-spawn capelin on the seabed. To evaluate the potential effects of predation by the red king crab on capelin recruitment, it is important to estimate consumption of capelin eggs as well as capelin, in which dead post-spawn individuals may serve as an alternative prey and influence predation rates on fish eggs.
Daily ration models have been applied to estimate food consumption in crustaceans (Maynou & Cartes 1998 , Cristo & Castro 2005 . The most frequently used models to estimate gastric evacuation rates of crustaceans are exponential decay models (Hill 1976 , Sarda & Valladares 1990 , Cristo 2001 , although an ogive model has been used to estimate the evacuation of lumpsucker eggs in red king crabs (Mikkelsen & Pedersen 2012) . One approach to estimate daily rations uses data on average stomach content and the integral of the gastric evacuation function (Olson & Boggs 1986) . To estimate the consumption of eggs, knowledge of the stomach content and abundance of these crabs at capelin spawning sites, as well as stomach evacuation rate of capelin eggs, is required.
The main objectives of this study were to examine the magnitude of predation on capelin eggs and dead post-spawned capelin as alternative prey, by the invasive red king crab, and evaluate the potential effects on capelin recruitment. We wanted to test the following hypotheses: (1) red king crabs feed on both capelin eggs and dead spent capelin, (2) consumption of capelin eggs by the red king crab increases with increasing capelin egg density, (3) red king crabs demonstrate aggregative response to high egg density, (4) stomach evacuation rates of capelin eggs in red king crabs can be estimated experimentally and (5) consumption of capelin eggs by the red king crab hamper the recruitment of Barents Sea capelin.
The approach to this study was to locate spawning areas of capelin, by an initial grab survey, within the distribution area of red king crab on the coast of Finnmark, northern Norway. When capelin spawning areas were located, we designed a second stratified survey with grab stations to estimate egg density and crab trawl stations to estimate abundance and obtain stomach samples of red king crab. The resulting data were used to investigate if the crab showed an aggregative response to egg density and to study if the magnitude of egg predation by the red king crab was related to capelin egg density. An estimate of the evacuation rate of capelin eggs from crab stomachs was obtained from a laboratory experiment and applied to a consumption model to estimate the quantity of eggs consumed by red king crabs at the spawning areas studied. We used Monte Carlo (MC) simulations to take into account the uncertainty in input parameters when estimating consumption of capelin eggs.
MATERIALS AND METHODS

Biological sampling
Data and samples were collected during surveys aboard R/V 'Johan Ruud' in April 2005 and 2006 (Fig. 1) . Selection of survey areas was based on knowledge of historical capelin spawning sites (Gjø -saeter 1998), as well as information from local fishermen. Historical spawning sites west of 27°39' E were omitted, as they were not within the distribution area of red king crab. An adaptive strategy for sampling with a 2-phase approach survey (Francis 1984) was used. The objective of the first survey (Survey I) was to locate spawning areas of capelin (Rankine & Morrison 1989) . Furthermore, information from Survey I was employed to allocate sampling effort during the second stratified random survey (Survey II) (Francis 1984) .
Capelin eggs
During Survey I, a van Veen grab with a sampling area of 0.1 m 2 was used and a distance of 1 n mile was sailed between grab stations taken at depths with suitable spawning substrates. When signs of predator aggregations of diving ducks and fish were ob served, additional grabs were taken in between the pre-selected grabbing stations. Spawning sites were identified from observations of high egg density in substrates from additional grabs within < 0.5 km distance. In 2006, the area southwest of Vardø (70°22' N, 31°06' E) ( Fig. 1) was not surveyed because there were no recordings of spawning capelin there during the weeks prior to our survey.
After spawning sites were located in Survey I, Survey II was conducted using a random stratified sampling design where the positions of grab stations were randomly selected within 4 and 3 strata, in 2005 and 2006, respectively. The number of grab stations was increased in the stratum with the highest egg density identified during Survey I in order to reduce variance in egg density estimates within that stratum.
The spawning site found in 2005 (70°55' N, 29°06' E) was located east of Tana Fjord (Fig. 1) . The surveyed stratified area was 136 km 2 ( Fig. 2) , and was divided into 4 strata, S1−S4 (Table 1 ). The highest egg density was recorded in Stratum S1. S3 was added because one station with high egg density (blue dot) was found in the eastern part of S2 (Fig. 2) . The spawning site found in 2006 (71°06' N, 28°17' E) was found west of Tana Fjord (Fig. 1) . The surveyed stratified area was 23.1 km 2 ( Fig. 3 ) and was divided into 3 parallel strata, S5−S7 (Table 1, Fig. 3 ). The highest egg density was recorded in S6. At least 2 grab samples were taken in each stratum.
Egg density was classified into 5 categories, and the classification method employed was similar to that used by Saetre & Gjøsaeter (1975 and volume of the grab sample was noted. Subsequently, the grab sample was poured into a bucket, the surface water was sieved through a 0.9 mm mesh size sieve, and capelin eggs retained on the sieve were counted if they were alive and well developed. From measurements of volumes of most samples (n = 84) and area sampled by the grab (0.1 m 2 ), the average depth of the sample was estimated to be 2.3 cm (SD: 2.2 cm). The number of eggs in the grab was estimated using a 2-stage subsampling. At sea, the substrate was thoroughly mixed using a small shovel, and if eggs were visually detected on the sieve or in the substrate, 5 subsamples of approximately 20 g each were randomly taken, otherwise only 3 subsamples were taken. Subsamples were frozen at −18°C for later egg counting.
Red king crab
Red king crabs were collected for stomach analysis and abundance estimates by using a specially designed beam trawl throughout a 24 h period, previously used in surveys for stock assessment by the Institute of Marine Research (Bergen, Norway). The crab trawl was 6 m wide, 1 m high, and was equipped with a 135 mm mesh size polyethylene net (Sundet & Berenboim 2008) . The hauling speed was approximately 1.65 kn. It was not possible to use a fixed standardised trawling distance because of the changing and rocky bottom topography. Four hauls were also performed with a shrimp bottom trawl in 2005, to catch fish for stomach analysis for another study not included in this paper. However, as red king crabs were caught during 4 of these hauls (Table S1 in the Supplement at www.int-res.com/articles/suppl/m563 p139_ supp. pdf), stomach analysis of these crabs (n = 59) were included the current study. One pelagic trawl haul was also conducted to sample capelin to ease identification of capelin remains in the crab stomach by comparing prey fragments in crab stomachs to fresh ly masticated capelin.
All crab and shrimp trawl hauls were taken inside the stratified area in 2005, but in 2006, 6 crab trawl hauls (non-strata stations) with a catch of 10 crabs were done outside of the stratified area (Table S1 ). A total of 125 and 60 crabs were captured for stomach analysis, in 2005 and 2006, respectively. All collected crabs were measured by carapace length (CL) to the nearest mm using a vernier caliper (Table S2 in the Supplement). Sex was determined according to standard procedures (Donaldson & Byersdorfer 2005) . Crabs were killed by cutting the isthmus before lifting the carapace, and the crabs were then cut in halves longitudinally. Stomachs, usually attached to the carapace, were re moved and preserved in 4% buffered formaldehyde.
Laboratory processing
In the laboratory, each of the subsamples was weighed and spread evenly out onto a transparent centimetre-scaled foil after thawing, and the number of squares covered were counted (N sq ). Five random 2 × 2 cm squares were selected for egg counting. The average number of eggs per square (X sq ), the SD, and the coefficient of variation (CV = SD/X sq ) was calculated. If the CV was > 2.0, 3 additional squares were counted until the CV was < 2.0. The total number of eggs in each subsample was calculated (X sq × N sq ). The formalin-preserved stomachs (N 2005 = 125, N 2006 = 60) were rinsed in fresh running water for 24 h before analysis. Fish eggs were identified and all whole eggs with an unbroken chorion were counted. Capelin was identified by observing features such as size of dorsal vertebrae, eye lenses, otoliths, bones, and skin and comparing these features with those of 'fresh' frozen samples of capelin. We pooled stomach data for both sexes because previous studies have shown no sex-related differences in diet (Feder & Paul 1980 , Mikkelsen & Pedersen 2012 . Empty stomachs were also included.
Stomach evacuation experiment
An experiment was designed to estimate the stomach evacuation rate of capelin eggs in red king crabs at an ambient temperature of 2.9°C, which is within the range of bottom temperature at capelin spawning sites along the coast of northern Norway (Saetre & Gjøsaeter 1975) . The experiment ran between March 27 and April 6, 2011. The collection of experimental animals and capelin eggs (Fig. S1 in the Supplement) is described in Mikkelsen (2013) .
Upon arrival at the research facilities, crabs were individually marked, and CL and wet body weight (BW) (g) were measured. The crabs were randomly distributed in 2 rectangular (2.5 × 1.1 m) storage tanks with water depth of 30 cm (Fig. S2 ). The tanks were supplied with natural seawater at 2.9°C, salinity of 33 ‰ and photoperiod of 5 h, comparable to daylight conditions at shallow spawning grounds of the Barents Sea capelin. Eighteen crabs were placed in Tank A and 15 in Tank B. Two hours after being placed into storage tanks, the crabs were fed 20 dead capelin and 10 rectangular (approximately 10 × 2 × 1.5 cm) clumps of capelin eggs per tank (approximately 112 220 eggs, given a mean number of eggs in each egg clump of 11 222). Most crabs had started eating within 2 h, and after 24 h, the only prey remaining in both storage tanks was a substantial amount of unconsumed eggs at the bottom of the tanks. When crabs destroyed the clumps of capelin eggs during feeding, most of the eggs at the bottom of the tank became unavailable for the crabs due to the construction of the storage tanks. During the acclimation and storage period, crabs were fed capelin (n = 20) and clumps of capelin eggs (n = 15) every other day in the storage tanks, which were cleaned every day. It was considered important to familiarise the crabs caught outside of the capelin spawning areas with this prey. Crabs seemed calm and acclimated within 2 d after arrival.
The production of capelin egg clumps that were used as prey in the experiment is described in Mikkelsen (2013) . Upon arrival at the research facility, eggs were treated with Buffodine for disinfection and were distributed in gratings in 5 circular egg incubators with a diameter of 35 cm (Table S3 in the Supplement), which were covered with black lids to prevent exposing the eggs to light.
Experimental animals were deprived of food for 44 h before being transferred to individual experimental tanks (Fig. S3 , Table S3 ). Only calm, actively feeding crabs (n = 18) with a mean BW of 1422 g (Table S4 in the Supplement) were used to fit the stomach evacuation rate model. Crabs were offered one clump of capelin eggs as prey, ad justed to individual crab weight to obtain an average prey weight of 1.0% of BW (Table S4) , which is within the range of the daily ration (0.30−2%) of the red king crab in the field (Tarver dieva 1978 , Gudimov et al. 2003 . Unconsumed eggs were removed from the tank after 20 min and weighed so that the number of eggs consumed from each egg clump could be estimated. Crabs were kil led hourly, by using the same procedure used during fieldwork, 1−14 h after feeding at predetermined slaughter times. Stomachs were immediately re mo ved and fish eggs with unbroken chorions were counted. Broken chorions were often present in pie ces, making it impossible to count them to whole eggs.
Data analysis
Capelin egg density
The total number of eggs in a grab sample was estimated from the average egg counts from the subsamples, the weight of the subsamples, and the total weight of the grab sample. The estimated total number of eggs per grab sample was used to calculate mean egg density (m −2 ), with SD and 95% CI for each stratum and year by MC estimation using PopTools version 3.2.3 in Excel 2010 (Hood 2010) , with data from Survey II where grab samples in each stratum were bootstrapped 1000 times. CV was also calcu-lated. All other statistical analyses in this paper were performed using SYSTAT 13.1 software and a level of significance at α = 0.05 was applied.
The centre position of the spawning area (CSA) was calculated by multiplying the number of eggs in each of the grab stations from Surveys I and II by the latitude or the longitude of the station. The results were then divided by the total number of eggs found throughout Surveys I and II and the resulting latitude and longitude were defined as the CSA.
Red king crabs
Crab samples used for stomach analysis from 2005 and 2006 were compared with regard to sex and CL. CL data were log-transformed and analysed for differences in CL by year using a 2-sample t-test, assuming separate variance in the samples. The frequency of occurrences (FO%) of capelin eggs and capelin were calculated as the number of stomachs containing the identified prey group, expressed as a percentage of all analysed stomachs.
Probability functions for occurrence of capelin eggs in crab stomachs
In addition, we employed backward logistic regression using the Blogit procedure in SYSTAT 13.1 to investigate whether the occurrence of capelin eggs or capelin in red king crab stomachs was affected by egg density, distance from the midpoint of the trawl track to CSA, the sampling year (2005 and 2006) , and crab size by CL (mm). We expected smaller crabs to feed more frequently on eggs, as the larger crabs would probably prefer larger prey such as dead capelin when capelin is available. The logistic model applied was:
( 1) where P(x) gives the probability of prey occurrence, and z is a linear function of the explanatory variables (Zuur et al. 2007) . Z is described by g(x) for the occurrence of capelin eggs: (2) where β 0 is a constant, ED is egg density (log 10 (Eggs m −2 ) + 1)), DIST is the distance (km) from the midpoint of the trawl track to the CSA, YR is the dummy variable for year, ED × YR is the interaction between egg density and year, and CL is carapace length. The logistic regression was fitted to data from individual crabs (n = 185) from both sampling years. If the effect of YR was found to be significant, the function was fitted separately for 2005 (n = 125) and 2006 (n = 60). Variables were eliminated from g(x) (Eq. 2) by an iterative process where the model was estimated to convergence, and the variable with the largest pvalue above 0.05 was removed. The procedure was repeated until all remaining effects had p-values < 0.05.
The reference level for full models was one, but if DIST was removed, while ED was retained, the reference level was changed to zero for g(x), expecting zero occurrences of capelin eggs at zero egg density. The fit of the model was evaluated using the likelihood ratio test and statistical tests of individual predictors (estimate, SE, p-value and 95% CI), and the classificatory power of the model was determined by the proportion of successfully predicted responses (sensitivity) and references (specificity).
For crabs with eggs in their stomachs, the potential correlation between the number of eggs per stomach and ED (log 10 (Eggs m −2 ) + 1)), and DIST (km) from the midpoint of the trawl track to CSA, was investigated using the Spearman rank correlation coefficient (r S ) (Zar 1999) . ) was estimated for each haul by dividing the number of crabs caught per crab trawl haul by the area covered by the individual haul (Table S1 ). Estimates of mean abundance (ind. km −2 ) in each stratum were calculated from abundance values of all crab trawl stations within the stratum ( Table 2) .
The correlation between king crab abundance (ind. km −2
) and ED was tested by calculating correlation coefficients (r S ). ED was estimated from grab samples taken at the midpoint of each crab trawl track. The correlation between crab abundance and distance from the CSA to the midpoint of the trawl track was also tested. Finally, distance from CSA was divided into 2 km bins (0−2, 2−4, 4−6 and > 6 km) to investigate whether red king crab abundance
changed non-monotonically with distance, and the Kruskal-Wallis test was used to examine whether red king crab abundance differed between bins.
Stomach evacuation model
An exponential decay model was fitted to the experimental data on the proportion of eggs remaining in the stomach f(t) at the time (t, in hours) after the start of feeding and is given by:
where b is the decay constant. f(t) was fitted to experimental data by nonlinear regression in SYSTAT, assuming a normal error distribution, and the model fit was evaluated by the significance of the model parameter, residual analysis and the adjusted r 2 . Statistical outliers were defined as estimates with values more than 3 times the SD of the mean of residuals. The mean time A (h) to evacuate capelin eggs from the crab stomach was estimated according to Olson & Boggs (1986) by integrating f(t) numerically, using the equation:
The estimate of A and its SE were used in the following estimation of consumption.
Capelin egg consumption estimates A model approach described by Olson & Boggs (1986) was applied to estimate the consumption of capelin eggs by red king crabs. Consumption was estimated within each stratum and as a total for each of the stratified areas examined in 2005 and 2006. Crabs were assumed to feed continuously, and consumption of eggs (C) in an area (stratum of total stratified area) was estimated by the equation: (5) where W is the mean number of eggs found in the stomachs, A is the average time (h) required to evacuate capelin eggs at 2.9°C, T is the time eggs are available for predation (d) and P is the total number of red king crabs.
Uncertainty of input data was taken into account using the MC simulation approach described in Mikkelsen & Pedersen (2012) . Values for input data to MC were randomly selected from distributions expected to describe the uncertainty in the data (Table 3 ). The mean number of eggs in crab stomachs (W) per stratum (S1 to S7) was calculated by generating 1000 bootstrap replicates of stomach content (W) from the respective stratum. Thereafter, W for each bootstrap replicate was implemented for each run of the MC simulation. Digestion time (A) was implemented in MC runs by randomly selecting values from a normal distribution and the SD was set to the estimated SE.
Since the incubation time of fish eggs is related to temperature, a functional relationship for incubation time for capelin eggs as a function of temperature was fitted to previously published data (Gjøsaeter & Gjøsaeter 1986) using nonlinear regression. Gjøsaeter & Gjøsaeter (1986) found that capelin eggs hatched after 59, 37 and 25 d, at temperatures of 2, 4 and 7°C, respectively. The fitted model is described by the power equation: (6) where I t is incubation time (d) for capelin eggs and T m is the temperature (°C). To consider the temperature variability during the incubation time and measurement error, the minimum and maximum incubation times were calculated by adding ± 0.5°C to the average bottom temperature of 3. Input values for the number of red king crabs in each stratum were calculated by bootstrapping crab abundance data from the crab trawl hauls (Table S1) , and 1000 bootstrap replicates of a total average number of crabs (P) in each stratum were implemented in the MC runs following the same procedure as described for W.
Consumption estimates with their 95% CIs were compared by strata and by year for the total stratified areas as the sum of values from each stratum. CI values were estimated by using the percentile method on the 1000 resamples. Furthermore, the influence of uncertainty in input parameters on the consumption estimates was evaluated by studying the correlation (r S ) between the input values and MC estimates of consumption. Finally, egg consumption estimated by MC simulation was expressed as the proportion of egg numbers available in each year.
RESULTS
Predation in the field
The highest egg density estimate in 2005 was in Stratum S1, with a mean of 4.48 × 10 5 eggs m −2 (Fig. 2) , while the highest recording in 1 grab was 8.71 × 10 6 eggs m , that all were found on the sieve when grab samples were processed. The substrate in the spawning areas was predominantly by pebble/shell gravel and a hard bottom (Table S1 in the Supplement at www.intres.com/ articles/ suppl/ m563 p139 _ supp. pdf). In 2006, the highest egg density recorded was in Stratum 6, with a mean of 2.10 × 10 4 eggs m −2 (Table 4) P 1000 values from empirical distribution Values were generated by bootstrapping replicates of abundance (total number) estimated from trawl hauls per stratum (S1−S7) and all trawl data pooled for input data by year. Number of trawl stations per stratum is listed. S1 (n = 3), S2 (n = 6), S3 (n = 2), S4 (n = 3), 2005 (n = 14) S5 (n = 9), S6 (n = 6), S7 (n = 5), 2006 (n = 19) (Table S1 ). The occurrence of capelin eggs in crab stomachs was found to increase with increasing egg density (p < 0.001) according to logistic regression analysis of g (x) , when all other effects were removed ( Fig. 4 ; Table S5 in the Supplement). The likelihood ratio test indicated that the model was highly significant (chi-squared test, χ 2 = 26.61, df = 1, p < 0.01) when only ED was included (Fig. 4) , and successfully predicted 31% of the occurrences of eggs, and 84% of absences of eggs in crab stomachs (Table S5) . For egg-feeding crabs, the correlation between the number of eggs in individual crab stomachs and egg density was not significant (2005: (Fig. 5b) . It cannot be excluded that there could be a relationship between capelin egg density and eggs per crab stomach or crab density at a finer scale than was resolved by the trawl sampling of crabs over a distance of typically 1 km.
Crab abundance in Stratum S1, which had the highest capelin egg density and where the CSA was positioned, was lower (mean: 252 ind. km , CV: 1.03), which surrounds S1 (Fig. 2, Table 2 ), but the difference in ) was found in S4, which was located the furthest from the CSA. The highest crab abundance in 2006 was estimated as 1099 ind. km −2 in Stratum 5 (Table 2) .
Crab abundance and egg density were not significantly correlated in either of the 2 study years (2005: r S = −0.26, p > 0.05, n = 14; 2006: r S = −0.16, p > 0.05, n = 25) (Fig. 6a) , and the abundance of crabs was not significantly correlated to distance from the CSA (Fig. 6b) . When distance was categorised into 4 groups, the apparent pattern towards higher density of crabs at a distance of 2−4 km from CSA ( Fig. 6b) 
Stomach evacuation experiment
The acclimatisation period of crabs was short in this study, because of delays in the collection of experimental animals. However, crabs began feeding within hours after arrival, indicating that a short acclimation period of red king crabs may be sufficient in similar future experiments. On average, the crabs consumed 0.53% of their BW in the experiment, and 45.5% of the eggs offered (by weight) were not consumed (Table S4 in the Supplement).
The parameter b in the stomach evacuation model f(t) was estimated at 0.18 h −1 (95% CI: 0.15−0.22), and the adjusted r 2 was 0.78 (Fig. 7 ). There were no statistical outliers detected, the residuals were normally distributed (Lilliefors test, p = 0.12), and the variance was homogeneous (chi-squared test, χ 2 = 13.52, df = 17, p = 0.60). The average time (A) required to evacuate capelin eggs from red king crab stomachs at 2.9°C was estimated at 5.38 h (95% CI: 4.41−6.34).
Consumption estimates
The total consumption of capelin eggs by red king crabs at the 2 selected spawning sites in 2005 and (Table 5 ). The estimated consumption by stratum was highest in S6, but this estimate also had the widest high CIs. This led to an upper 95% confidence level that was 3.6 times the mean estimate (Table 5 ). The mean number of eggs in crab stomachs was highly variable, ranging from 0−2283 (Table S1 ), which resulted in considerable uncertainty in the consumption estimates. Input values to MC simulations for the average number of eggs found in stomachs and estimated consumption values were strongly correlated (Table 6 ). The uncertainty of input data for the total number of red king crab in the sample areas also influenced consumption estimates, while uncertainty in digestion time and time eggs are available added less un certainty to the consumption estimates (Table 6 ). The average number of eggs per stomach was ap proximately 19 times higher in 2006 than in 2005 (Table S6 in (Table 5) , where approximately 5.39% of all capelin eggs available were consumed by red king crabs. The corresponding proportion for the whole study area in 2006 was 2.23%. In 2005, consumption of eggs in S1 was relatively high in terms of number, but this stratum also had the highest egg density, which led to a lower value for the proportion of eggs consumed (0.04%) ( Table 5) .
DISCUSSION Predation in the field
This study confirms that invasive red king crab fed on both capelin eggs and capelin off the coast of Finnmark, Norway. Capelin was found in 81.6% and 21.7% of the analysed red king crab stomachs in 2005 and 2006, respectively, while capelin eggs were found in 23.2% and 10.0% of crabs in 2005 and 2006, respectively. These results are in accordance with a previous study where 19% of analysed red king crab stomachs were reported to contain capelin eggs (Anisimova et al. 2005) . However, as some capelin eggs were hatching at the time of the survey in 2006, it is possible that egg density and the occurrence of eggs in crab stomachs were underestimated during that year.
The occurrence of egg predation by the red king crab was related to capelin egg density, when predicted by logistic models. Neither distance from the CSA, year, or crab size contributed significantly to the egg occurrence in crab stomachs, even though the crabs sampled in 2006 were significantly larger than crabs sampled in 2005. The lack of a crab size effect in our study may be explained by the relatively narrow size composition of our sample and that the crabs were not concentrating on feeding on capelin eggs. Juvenile crabs are commonly distributed in shallower and more sheltered areas (Pavlova 2008, 150 Year Stra-E: capelin eggs (n) C: consumption (n)
C/E (%) tum
Mean ( (Saetre & Gjøsaeter 1975) . For crabs with egg(s) in the stomach, the number of eggs in stomachs and egg density were not significantly correlated, indicating no strong relationship between the number of eggs eaten and egg density. The observation in the experiment where the red king crab was found to be an inefficient capelin egg feeder supports the lack of relationship between individual egg consumption and egg density. The generalist feeding behaviour of the red king crab may explain this (Falk-Petersen et al. 2011) , as crabs may be 'testing and tasting' many different prey taxa, which can result in an increase in the proportion of crabs consuming eggs with increasing egg density, although the amount ingested may not necessarily increase. Capelin eggs, which adhere to the substrate, can also be ingested accidentally when the crab feeds on other organisms at spawning sites. Substrate is often found in the stomachs of crabs, as they sometimes scoop substrate while searching for food (Jørgensen 2005 ). Such 'incidental' feeding on eggs would also increase the occurrence of eggs in the crab's stomach at high egg densities; however, the amount of eggs eaten would not increase in the same manner if eggs were not actively sought as prey. Furthermore, as some capelin are egg cannibals (Slotte et al. 2006 ) and the red king crab feeds on capelin, some eggs could be secondary prey.
Because some crabs were able to eat high amounts of capelin, eggs even at low egg densities and at distances of up to approximately 6 km from high egg density areas suggests some individual specialisation in feeding behaviour. These findings support the results of a previous study of crabs feeding on lumpsucker eggs, where the crabs displayed different feeding behaviour and were apparently specialised (Mikkelsen & Pedersen 2012) . Such specialisation in invasive species may affect prey populations (Bolnick et al. 2003) , even though the red king crab is often described as an opportunistic generalist feeder (Jewett & Feder 1982 , Jørgensen & Primicerio 2007 , which is the most common feeding behaviour among crustacean invaders (Hanfling et al. 2011) .
The more frequent occurrence of capelin in crab stomachs than capelin eggs indicates that spent capelin is more important as a food source for crabs than capelin eggs. Given a gonadosomatic index of 27.1% for female capelin just before spawning (Christiansen et al. 2008) , the amount of spent capelin available by weight is much larger than the amount of capelin eggs. Hence, if most crabs have an opportunistic feeding behaviour, this would explain the higher occurrence of capelin rather than capelin eggs in crab stomach in this study.
In 2005, capelin occurred more frequently in crab stomachs than in 2006, and this may be a consequence of reduced availability of capelin as prey for crab in 2006. Because some eggs were observed to be hatching during sampling in 2006, this suggests that spawning had occurred somewhat earlier that year and that dead post-spawned capelin on the seabed already had been consumed by crabs or other predators. Also, the study area in 2006 was smaller than in 2005, as were the density of egg and crabs.
The death of Barents Sea capelin after spawning supplies a high abundance of alternative prey for predators and may contribute to the low predation pressure on their demersal eggs by predator swamping. Such saturation of predators has been observed previously in fish (Kempf et al. 2008 ) and cteno phores (Majaneva et al. 2013) . In Canadian waters, sea urchins Strongylocentrotus droebachiensis ag gregate around dead capelin, but not at spawning beds with high capelin egg density (Crook & Da voren 2016) . Assuming that dead capelin release more odour than capelin eggs, and because prey odour is considered to be an essential factor for for aging in red king crabs, these crabs may be attracted to dead capelin by olfactory stimuli (Zhou & Shirley 1997) , just as crabs are efficiently attracted to bait in pot fisheries (Stiansen et al. 2010) . Because the invasive red king crab feeds on dead post-spawned capelin on the seabed, native haddock may compete with the red king crab for capelin, which is the most important prey for haddock during the spring season (Bogetveit et al. 2008) . As haddock may feed on both dead post-spawn capelin and capelin eggs (Huse & Toresen 1996 , Gjøsaeter 1998 , we speculate that this competition may indirectly enhance egg predation by haddock.
The lack of aggregation of crabs in areas with high capelin egg density in 2005 and 2006 indicates that there is no aggregative response by red king crab to capelin egg density. However, a slight trend towards higher crab abundance was observed 2−4 km from the CSA, although this correlation was not significant. We speculate that the increased abundance of crabs near spawning sites could be related to crabs feeding on dead post-spawn capelin on the seabed serving as alternative prey. Our estimate of maximum crab abundance (both sexes included) of about 3362 ind. km −2 is slightly lower than the abundance estimates from high-density areas in Russian waters of the Barents Sea in 2003, when crab abundance was at its maximum. The Russian average abun-dance estimate of commercial sized males (>132 mm CL) was 1873 ind. km −2 in the high-density areas (Anisimova & Manushin 2008) , which suggests that red king crab abundance was relatively high at capelin spawning sites in 2005. It is possible that red king crabs show some aggregation towards capelin spawning areas on a coarser scale than analysed in this paper, as we observed lower density of crabs on the spawning area for 2005 when the area was surveyed in 2006 (unpubl. results).
Stomach evacuation rate
The exponential decay model describing the stomach evacuation rate of capelin eggs in red king crab stomachs fitted the experimental data well. This model has been considered appropriate for estimating evacuation of relatively easily digested particles from fish stomachs (Jobling 1986) . This model has also been applied and fitted to experimental data for another crustacean species, Nephrops norvegicus (Cristo 2001) . The estimated average stomach evacuation time in our study of 5.38 h at 2.9°C is lower than the 9.97 h estimated for lumpsucker eggs at 6°C (Mikkelsen & Pedersen 2012 ). This result is plausible because lumpsucker eggs have a thicker egg chorion and are approximately twice the size of capelin eggs, when egg diameter is used as the parameter (Løn-ning et al. 1988) .
Red king crabs had the same feeding techniques when feeding on capelin eggs in the current study as they did on lumpsucker eggs in a previous study (Mikkelsen & Pedersen 2012) , but the proportion of unconsumed eggs (45.5%) in the present study was considerably higher than that for crabs feeding on lumpfish eggs (8.4%). Capelin eggs are not glued together as hard as lumpsucker eggs are (N. Mikkelsen unpubl. data), and when the clumps of eggs were lost to the bottom during feeding, the crabs did not succeed in picking up the egg clumps again. The proportion of unconsumed eggs may have been enhanced by the nature of the experimental tanks, which had a slope that slightly declined towards the centre of the tank, resulting in movement of the eggs to the centre of the tank. The crabs also disrupted the rectangular clumps of eggs, making it difficult for crabs to pick up the resulting small clumps and individual eggs from the bottom of the tank. When feeding on natural sediment substrate, crabs grasp items more easily than in the experimental tanks, and this potentially reduces the proportion of unconsumed eggs in na ture. In this experiment, we decided to avoid stressing the experimental animals by substantial cleaning of substrate, which would have been the case if we were to supply capelin eggs mixed into substrate as in nature.
The acclimatisation period of crabs, from collection in the field until the start of the experiment, was shorter in this study than in similar studies, because poor weather conditions caused delays in the collection of experimental animals. However, the experimental crabs became calm shortly after arrival and began feeding within hours, indicating that the durations of the acclimation periods were sufficient and should be considered in similar future experiments.
Capelin egg consumption estimates
The estimated egg consumption values of the red king crab of 0.03% and 2.23% of total capelin egg numbers present at spawning sites in 2005 and 2006 were similar to those estimated (0.03%) by Anisimova et al. (2005) for Barents Sea capelin in 2001. This implies that the red king crab may influence capelin egg mortality by feeding, but that the impact is unlikely to hamper recruitment of the Barents Sea capelin. However, the total egg loss is probably higher than the consumption estimates because of damage to eggs during feeding. In support of this, damage of prey that leads to higher mortality than that resulting from consumption alone has also been reported in experimental studies (Jørgensen 2005 , Pavlova 2009 , Michelsen 2011 .
Even though the occurrence of capelin eggs in crab stomachs in the stratified study area was more frequent in 2005 than in 2006, the estimated consumption was lower in 2005, because the mean number of eggs in crab stomachs in 2006 was higher than in 2005. However, the number of eggs in crab stomachs was highly variable and the variability was a major contributor to the uncertainty in the consumption estimates. Uncertainty in the input data for crab abundance also contributed to uncertainty in the consumption estimates in both the present and in the previous study of lumpsucker egg consumption by red king crabs (Mikkelsen & Pedersen 2012) . The strong correlation between stomach data and consumption estimates suggests that uncertainty in consumption estimates could be reduced in future studies of red king crab consumption if more effort was allocated to stomach analysis.
In Norwegian waters, the stock abundance of red king crab peaked in 2008, followed by a decline thereafter. However, the crab is still expanding its distribution in Norwegian waters west and southwards (Windsland et al. 2014) , overlapping spatially with more capelin spawning grounds (Gjøsaeter 1998). After 2006, capelin abundance appeared not to respond negatively to the range expansion of red king crab, and capelin recruitment has been good, but variable from 2007 to 2014 (ICES 2016).
Conclusions and implications
Red king crabs feed on both capelin eggs and capelin, with capelin being more frequently found in crab stomachs. The amount of eggs found in eggfeeding crabs was not related to capelin egg density, but the occurrence of capelin eggs increased with increasing egg density. Red king crabs did not show an aggregative response to capelin egg density. The maximum estimated consumption of capelin eggs by red king crabs constituted < 2.5% of the eggs available, but total egg loss was higher because crabs damage uneaten eggs during feeding activity and may cause eggs to drift away from spawning sites. The semelparous life-history strategy of capelins can promote predator swamping and relax the predation on their eggs by the red king crab, as the crab is capable of feeding on both capelin and capelin eggs. When implementing an ecosystem approach in the management of Barents Sea capelin, the ecological value of spent and dead capelin should be considered (ICES 2011). Another predator feeding on dead post-spawn capelin on the seabed is the haddock Melanogrammus aeglefinus (Bogetveit et al. 2008) , which may experience increased competition for this prey from the invasive red king crab.
